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AppUcants' claims 1, 6, and 67-68 recite as follow. The emphases are added by 
applicants. 

1 A multila yer fihn or sheet comprising: „ . j 

a.) a first co^xtruded polymeric layer consisting essentially of an ionomer and 

a first ^^tive^^ ,^.,^truded polymeric layer consisting of an ionomer and a second 

whSthe film or sheet is a thermoformable film or sheet having a thickness in ihe 

range of from about 8 mils to about 60 mils; the first ^'^^"^'iP^^y"'^'''''JZZA 
su,face layer; the second co-extruded layer is in contact wiUi said first co-extruded 
Seric Wer; and the first or second additive is one or more UV stabili^f , UV 
absSber, antioxidant, thermal stabilizer, anti-stat additive, prooessmg aid fiber glass, 
mineral fiUer, anti-slip agent, plasticizer, nucleating agent, pigment, dye, flalce, or 
mixtures thereof. 

6 A multilayer fihn or sheet of Claim 1 wherein saidyi^r co-extruded 
Dolymeric layer is clear and said second co-extxuded polymeric layer compnses the 
polymer ani an additive selected fiom pigment, dye, flake, or mixtures thereof. 

67 The multilayer film or sheet of claim 6 wherein the ionomer in the first co- 
extruded polymeric layer and the ionomer in the second co-extruded polymenc layer 
have flow properties that are matched to allow tiie ionomer in the first co-extruded 
layer and tiie ionomer in the second co-extruded polymeric layer, when co-extruded, 
flow to the full width of the die. 

68 The multilayer film or sheet of claim 59 wherein the ionomer in the first co- 
extruded polymeric layer and tiie ionomer in die second co-extruded polymenc layer 
have flow properties that are matched to allow the ionomer in the first co-extruded 
layer and the ionomer in the second co-extruded polymeric layer, when co-extruded, 
flow to the full width of the die. 

Claims 69-72 indirectly depend fi-om claims 1, 6, and/or 67-68 with intervening 

limitations. That is, clauns 69-72 require at least tiiese limitations: (1) two cocxtruded 

layers; (2) the first co-extruded layer must be a surfece layer; (3) each layer contains at 

least one additive; (4), for claims 70-72, the first co-extruded polymeric layer is surface 

layer; and (5), for claims 71-72, die ionomer in the first co-extruded polymeric layer and 

the ionomer in the second co-extruded polymeric layer have flow properties that are 

matched to allow the ionomer in the first co-extruded layer and the ionomer in tiie second 

co-extruded polymeric layer, when co-extruded, flow to the filll width of the die. 

The Smith films 77 including pigmented layer 73 are disclosed in FIGS. 1 l(a)-ll(i) 
(column 9, line 6 to column 11, line 6). Smitii Figures 1 1 (a)-ll(i) sbj5w tiiat U(a)-1 1(e) 
are extruded. The rest, i.e., 1 l(f)-l l(i) are done by post-extrusion lamination. 

Because n(f)-l l(i) arc not extruded fihns, they are not further discussed below. 
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Now, referring to the Smith extruded (FIGS,) 1 l(a)-l 1(e), applicants prepare.the 
following table for the examiner' s easy comparison. 



Smith Films 



Comments 



11(a): approximately planar sheet of color pigmetited 
and metallized thermoplastic layer 73 



Mono-extruded film layer, not coextruded layers of 
ionomets. 



1 1(b): coextnided sheet 77 includes pigmented/ ^ 
metallized thermoplastic maierial 73 and optional ne 
Layer 75 bonded to one another. 



Applicants* claim 1 does not recite a first layer with a 
ie layer. 



1 1(0- coextruded ahect 77 includes lay^ 73, o ptional llhe clemjoat kyer 79 does not contain additives b all 
:ie layer 75, and cle arcoat 79 bo "^'^'^ nne another, rts erobodanents. 



optional tie layer 75. and optional clearcoai 79 and 
optional protective coating layer 81 provided over the 
plear coat layer. 



1 1(e): coextruded sheet 77 uicludes layerl 73, 
Optional tie layer 75, and optional clearcoat 79, 
optional tie layer 83 and optional removable 
protective coating layer 81 



rhe two coextruded Isyers (73 and 79) teach away 
from claims 1 in that tiiere is described a tie layer 
between both coextruded layers 



ll(b)-ll(e) Except layer 73, all other layers are 
optional 



Only 1 1(c) shows that a coextruded layer 79 is surface layer and layer 73 is in 

contact with the surface layer. 

That is. Smith shows that, ont of the 9 different films disclosed, only 11(c) shows 
that a coextruded layer 79 is surface layer and layer 73 is in contact with the surface layer 
AND that out of at least 14 (not counting the combinations) of additives, only pigment is 
disclosed in tlae clear layer 79. 

One skilled in the art cannot "at once envisage" claim 69-72 ftom the Smith 
disclosure. By analogy, this meets the criterion enunciated in MPEP 2131.03 (Ifthe 
claims are directed to a narrow range, the reference teaches a broad range, and there is 
evidence of unexpected results within the claimed narrow range, depending on the other 
facts of the case, it may be reasonable to conclude that the narrow range is not disclosed 
with "sufficient specificity" to constitute an anticipation of the claims). 

Secondly, as discussed above, applicants' claims 70-72 directly or mdirectly 
depend from claim 6. which calls for the surface layer being clear layer. Claims 70-72 
also require that the surface layer be clear. 

The only additive that may be present in the clear coat layer 79 is pigment. See 

column 17, lines 30-34, 

To the contrary, applicants' claims require that the first co-extruded polymeric 
layer not only be clear (no pigment), but also consist essentially of an ionomer and a first 
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additive, which is one or mote UV stabUizer. ITV absorber, antioxidant, thermal stabilizer, 
anti-stat additive, processing aid, fiber glass, mineral filler. anti-sUp agent, plasticizer, 
nucleating agent, pigment, dye, flake, or mixtures thereof. 

Smith layer 79 contains a pigment, but no other additive and. therefore, cannot 

anticipate claim s 70-72. 

Thirdly, Smith film 1 1(c) does not disclose that "the ionomer in the first co- 
extruded polymeric layer and the ionomer in the second co-extruded polymeric layer have 
flow properties that are matched to allow the ionomer m the first co-extruded layer and the 
ionomer in the second co-extruded polymeric layer, when co-extruded, flow to the fiiU 
width of the die", limitation recited in claims 71-72. 

Therefore, Smith does not anticipate claims 71-72. 

Fourthly, claims 69-72 have a common limitation that the first coextruded fiUn or 
sheet has distinctiveness of image of at least 80 . 

The only disclosure of distinctiveness of image in Smith is at column 19, lines 58- 

64, which is copied below. 

Distinctiveness of image (DOT) is a measurement of the clarity of an nnage 
reflected by the finished surface. Each of these products/parts may have a DOI of at 
least about 60 units, where 100 is the maximum DOI reading, measured by a Hunter 
Lab Model No. D47R-6F Dorigon gloss meter. Details of this DOI test procedure are 
des^bed in GM test specification GM-204-M which is incorporated herem by 
reference. 

Smith discloses that the product may have a DOI of at lest about 60 units. 
However, Smidi does not disclose that the DOI is at least 80. A product that may have a 
DOI of at least 60 does not mean it should have at least 80. 

As the examiner noted, Smith discloses that 100 is the maximum DOI reading 
measured by Hunter Lab meaning the maximum DOI measure by Hunter Lab is 100. This 
is weU known to one skiUed in the art that the maximum scale of DOI value is 100, 

An analogy to the Smith disclosure as follows. USPTO requires that J ones work 
for the USPTO for at least 250 days a year and a year has a maximum days of 365 (except 
every other 4 years). Does that mean the USPTO requires that Jones work at least 300 
days a year? 

Using the analogy, one skilled in the art would discern that Smith merely discloses 
at least 60 DOI, but does not disclose that the product shown therein have a DOI of 
maximum value of 1 00 or at least 80. as recited in applicants' claims. • 



PAGE 5145 ' RCVD AT 11/1312007 1 :35:16 PM [Eastern Standard Time] * SVR:USPT0-EFXRF-1/4 * DNIS:2738300 * CSID:302 992 3257 ' DURATION (mm-ss):13-50 



NOV. 1 3. 2007 1:33PM NO. 9183 P. 6 

Page 5 

Application No.; 09/833452 
Docket No.: AD6728USNA 



Fifthly, even assuming, arguendo, that Smrdi did disclose an DOI of at least 80, 
Smith does not disclose the combination of a DOI of at least 80 an^ a gloss that escceeds 
60% at a 20 degree angle, which are ihe linutatton recited in claims 69-72. That is. Smith 
does not require both conditions be met simultaneously. 

i>,|..ti»n nf claims 1 , r S4.5S. ^-^-^^ (-l»»"1d he 60^ 65 (should be 6^-68, amj 
under 35 TTSr lOafa^ ov^ ^ ■TPftd:;4S828 f JP'828> 
Applicants requested a professional transition of JP'828 and a copy (JP1992- 
345828(A)) was forwarded to the USPTO and therefore is of record. 

Appellants' claim 1 recites aa follows. 

1 A multilayer fihn or sheet comprising: 

a!) a first co-extruded polymeric layer consisting essentially of an lonomer and a 
first ^^^^ co-extruded polymeric layer consisting of an ionomer and a second 

^Sn the fihn or sheet is a thermoformable film or sheet having a thickness in tiie range 
of ftom about 8 mils to about 60 mils; the first co-extruded polymeric layer is surface 
layer; the second co^extruded layer is in contact with said first ^<>-^^^^}^^'"' 
layer; and the first or second additive is one or more UV stabikzer, UV absorber, 
Sdo;ddant, thermal stabilizer, anti^stat additive, processing aid, fiber ^ass, rnmeral filler, 
anti-slip agent, plasticizer. nucleating agent, pigment, dye,flake, or mixtures thereof. 

JP'828 discloses on page 1 in the bmcket [structure] as follows. 

The multilayer fihn is comprised of first outer layer 1, which is selected ftom a 
eroUD made of EVA, VLDPE and a mixture thereof, core or inner layer 2. which is 
made of an ionomer or a mixture of said ionomer and EVA, EMAA or EAA, second 
outer layer 3, which is selected from a group made of EMAA, EAA and an ionomer. 
As for L manufacturing method, the above described three layers are simultaneously 
extruded as a multilayer fihn precursor laminate and then the obtamed multilayer film 
precursor laminate is elongated by a racking or/and blowing method thereby obtainmg 
a desired film thickness , 
See also, claims 1, 46, and 55 and paragraph [0009]. 

First, m claims 15 and 40, JP'828 expressly discloses that the second outer layer o 
is a sealing layer, which comes in contact with a product packaged by said film. Similar • 

disclosure is found in paragraph [0013]. Such disclosures demonstrate that the second 
outer layer cannot be a surface layer which, according to appellants' specification, is an 
outside layer that is "skin" layer or decorative. See. e.g., page 5, hues 6-23 (. . . 
thermoplastic sheet (skm) for surfacing polymer parts ... the decorative sheet 
involve both extruded monolayer and multilayer sheeting. . . . blend top surface 
layer co-extruded onto a selected second polymer layer ... the decorative skin sheet 
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on the outer surface thereof). There are numerous disclosures in appellants- 
specification indicating that the swrfece layer is the "fece" or outside layer. 

To the contrary, the second outer layer disclosed in JP'828 is for sealing layer 
meaning it is "sticky" at right temperature for sealing with another film or sheet or oterh 
subject and therefore cannot be a surface or face layer. 

Indeed the outer or 'face' layer of JP*828 disclosed in [0033] as layer (a) is 
preferably an outer surface layer which does not come m contact with a product when said 
film is used. Layer (a) is selected from a group of EVA. VLDPE and a mixture thereof 
(claim 1). Therefore it is clear that the outer 'face' layer of JP 828 is not an ionomer layer. 

Secondly, appellants' claims call for a thermoformable fihn or sheet. To the 
contrary, JP'828 does not suggest a thermoformable fibn or sheet. 

The purpose (JP'828) is to provide a multilayer fihn excellent in shrinkage and 
resistance agamst rough use and used as a container or package. JP'828, page 1, in the 
bracket [objective]. JP'828 discloses a process of making the multilayer sheet with a 
heat-shiinkable property where [0021] the precursor laminate is heated until it reaches the 
softening point, then said laminate is elongated by blowing vertical bubbles, the resultant 
thin laminate fihn is cooled, the bubbles acre crushed in a spreading roller and the obtained 
fihn is wrapped around a roller with tension. This is an orientation process such as 
described in the Encyclopedia of Polymer Science & Technology, see pages 563-565 of 
volume 2 (attached hereto as ATTACHMENT I). This is distinctly different from 
thermoforming process, also described hi the Encyclopedia of Polymer Science & 
Technology (attached hereto as ATTACHMENT II). 

A thermoformable film or sheet is patentably distinct from a heat shrinkable film. 
In Paleari (US5622780, Usted in an IDS applicants previously submitted on 
09/05/2006; of record), both heat shrinkable film and thermoformable fihn are defined. 
There, a heat shrinkable fihn is defined as "oriented film which shrinks by at least 1 0% m 
at least one direction at SS^C" (column 2, lines 49-51). A thermoformable fihn is defined 
as a "fihn suitable to be used in a vacuum or compressed air forming or plug assist vacuum 
or compressed ah forming method. ... the term 'thermoformable fihn' is mtended to refer 
to a rigid thermoformable sheet which is thermoformed by the above conventional 
methods" (column 2, Ime 57 to column 4, line 18). One skilled in the art is aware that a 
packaging fihn cannot be rigid. 
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The two fUm types are fiirther distinguished in Paleari (heat shrinkable fUms 
disclosed in colmnn % line 38 to colrnnn 8, lines 36 and themiofonnable films disclosed in 

column 8 Unes 37-59). 

Based on Paleari disclosure, applicants' claims, reciting thermoformable film or 
Sheet, are not obvious over the JP'828 disclosure, which does not suggest a 
thermoformable film or sheet 

Also submitted on 09/05/2006 is Lustig (US4863784; of record), which discloses a 
coextruded heat shrinkage multilayer film for packaging firesh red meat. To be heat 
shrinkabe, "the fihn must be biaxially stretched in order to produce shrinkage 
characteristics sufficient for the fihn to heat shrink within a specified range of percentages, 
e.g., firom about 15 to 60% at about 90°C» (column 2, lines 35-40)/ 

Thirdly, a packaging fihn such as disclosed in JP'828 is clear and see-through for 
packaging food such as, for example, meat to allow consumers to clearly identify the food 
packaged therein. Tlierefore, JP' 828 cannot and does not suggest that an additive such as 
pigment be included in one or more layers of the fihn. 

Claim 6 and its dependent claims fiirther distinguish over JP'828 in reciting first 
co-extruded layer being clear and second co-extxuded polymeric layer comprises the 
polymer and an additive selected from pigment, dye, flake, or mixtures thereof. 

Claim 43 further distinguishes over JP'828 in reciting that the fihn is adhered to a 
substrate. JP'828 does not suggest a thennoformable film adhered to a substrate. 

Claims 66-68 fiirther distinguish over JP' 828 in reciting the ionomer in reciting 
that the first co-extruded polymeric layer and the ionomer in the second co-extruded 
polymeric layer must have flow properties to allow the ionomer in the first co-extruded 
layer and the ionomer in Hie second co-extnided polymeric layer, when co-extruded, to 
flow to the fijU width of the die. 

Claims 69-72 further distinguish over JP'828 in reciting the ionomer in reciting 
DOI of at least 80 and a gloss that exceeds 60% at a 20 degree angle. 

Claim 82 ftirther distinguishes over JP'828 in reciting that liie substrate is metal, 
polymer, or polymer composite. 

Claim 83 further distinguishes over JP' 828 in reciting that the substrate is metal, 
polymer, or polymer composite and the multilayer film or sheet is clear. 
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The 103 analysis also requites that Uie invention be considered as a whole. JP'828 
is directed to a packaging film which is not require the characteristics of a decorative 

surface. 

....... 1. ^. fi. 43. '^'T.^^ ^"Hnuld be m 66-68. «i.d 83-»?4 under 35 

Appellants' claim 1 recites as follows. 

1 A multilayer film or sheet comprising: 

a.') a first co-extruded polymeric layer consisting essentially of an lonomer and a 
first co-extruded polymeric layer consisting of an ionomer and a second 

whSihe film or sheet is a thermoformable film or sheet haying a thickness in ttie range 
of from about 8 mils to about 60 mils; the first co-extruded polymenc layer is surfece 
Syer; the second co-extroded layer is in contact wilii said ^'^^^^^^'^^^^^^i^^''' 
laver and the first or second additive is one or more UV stabUizer, UV absorber, 
Sint, thermal stabilizer, anti-stat additive, processing aid, fiber glass, ™^ fi"^^' 
anti-slip agent, plasticizer, nucleating agent, pigment, dye, flake, or mixtures thereof 

First, Flieger dose not disclose or suggest a thermoformable film. 
Secondly, the examiner rejected the claims because Flieger discloses that thickness 
of 70-125 microns "should be" enough for a 25 Kg bag. However, the 25 kg bag is tiie 
only bag contemplated in Flieger because it expressly discloses, column 1, lines 16-30, 
that a 25 kg bag is fee bag typically used in the packaging polymeric products and 
elastomer and a heavy duty bag is required for such packaging, No heavier bags are 
required. Flieger therefore discloses the heavy duty bag as having 70-125 microns thick, 
nothing other Hian this thickness is implied because, from the four corners of Flieger 
disclosure, it does not appear that FUeger suggests that any thicker fihn is needed. 
Therefore, Flieger cannot suggest the thickness recited m applicants' claims. 

Thirdly, the objective of the invention disclosed in Flieger is to provide a 
consumable package (M 25 kg bag) that can be processed together with the product it 
contains (the polymeric products and elastomers). However, the bag itself is essentially a 
contaminant m the product, so that it is important that the amount of the bag itself is "amU 
m the final product : thus, there is minimal if any effect on the properties of the final 
product" (column 3, lines 9-11; underline added). Such disclosure is fiirlher expanded in 
column 3 lines 43-47 (As a result, there is no disposal problem for the bag which will melt 
under normal mixing temperature (90*'-95') and be incorporated fully into tiie compound 
giving n^ izligible effect on the subsequent properties of the compound). Flieger discloses 
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the bag as heavy duty bag having 70-125 microns thick. Any heavier gauge would 
increase the amount of the bag in the product and vdU lead to nqa-peRligibk effects on the 
compound properties, 

Indeed Flieger disclosure tRnr.hgs awav from a heavier gauge, and, therefore, 
camiot suggest the thickness of 8-60 mils of applicants' claims. 

Fourthly, the examiner would agree that a very large number of literatures, 
including patents, disclose multilayer polymer fiUns for packaging foodstuffs and 
materials. In many, if not all, of the materials, there is usually some need for printing and 
color (in order that the package can be recognizable to the consumer, contain product and 
advertising information, distinguish the product brand ftom the competitor, etc). There is 
also some need for ultraviolet protection, if the bags are stored in daylight or artificial 
light. Therefore, there will be many cases of UV additives, color additives etc. FUeger 
may disclose white pigments and black pigments in the inner layers for UV protection in a 
bag to contain polymers and elastomers but this may not lead to any obviousness for 
applicants' claims that deal with a thermoformable film for adhering to a thick substrate, 
Though this is not in the claims, but the invention should be considered as a whole. 
FUeger discloses a packaging fxhn, which is not require the characteristics of a decorative 
surface, whereas ^plicants' claims are directed to thermoformable film. 

Fifthly, pursuant to MPEP 21 26.0 1 , which provides that the date of the patent is 
available as a reference is generally the date that the patent becomes enforceable (italics 
applicants')- The date the Flieger patent became enforceable on August 4, 1 998. 

MPEP 2141 .01 provides that ... an obviousness rejection based on a publication 
which would be applied under l02Ca) if it anticipates the claims can be overcome by 
swearing behind the publication date of the reference by filing an affidavit or declaration 
under 3 7 CFR 1.131 (italics applicants') . 

Pursuant to these MPEP guidelines, co-inventor Lori Pike's Rule 131 declaration 
sworn behind that the invention was conceived and reduced to practice before the critical 
date of August 4, 1998 (Flieger patent date). 

According to MPEP 2126.01, Flieger cannot be a reference. 
Claim 6 and its dependent clahns further distinguish over FUeger in reciting first 
co-extruded layer being clear and second co-extruded polymeric layer comprises the 
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polymer and an additive selected from pigment, dye, flake, or mixtures thereof. Flieger, as 
the examiner noted, the inner layer is pigmented (black). 

Claim 43 further distinguishes over Flieger in reciting that the film is adhered to a 
substrate. 

Claims 57-60 further distinguish over FUeger in reciting fibn or sheet thicker than 8 

mils. 

Claims 66-68 fiirther distinguish over FUeger hi reciting the ionoroer in reciting 
that the &st co-extruded polymeric layer and the ionomer in the second co-extruded 
polymeric layer must have flow properties to allow the ionomer in the first co-extruded 
layer and the ionomer in the second co-extruded polymeric layer, when co-extruded, to 
flow to the full width of the die. 

Claims 69-72 fiirther distinguish over FUeger in reciting the ionomer in reciting 
DOI of at least 80 and a gloss that exceeds 60% at a 20 degree angle. As theexaminer 
noted, packaging film does not require DOI or glossy surface, 

Claim 82 further distinguishes over FUeger in reciting that the substrate is metal, 
polymer, or polymer composite. 

Claim 83 fiirther distinguishes over FUeger in reciting that the substrate is metal, 
polymer, or polymer composite and the multilayer fihn or sheet is clear. 



Respectfully submitted, 





Lucas K. Shay 
Attomey for Applicants 
RegistrationNo.: 34,724 
Telephone: (302)992-6154 
Facsimile: (302)992-3257 



Dated: November 13, 2007 
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ATTACHEMNT I 

FILMS, ORIENTATION; Encyclopedia of Polymer Science & Technology, Vol. 
2, pages 563-565, 



ATTACHEMNT II 

THERMOFORMING; Encyclopedia of Polymer Science & Technology, Vol, 8, 
Pages 222-2 5 L 
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ATTACHEMNT I 



2 f "-MS. ORlENTAtlON 563 

bath^u^t be adjusted ^th ca.e. Continually '^i^'^Y'^f^^ crSdr^efp^'r. 
the effectiveixesB of the quench. High pressure water ^ See 

on the -web against the chill wheel. These jets can also deform the surtaco 
rfThe cSf web S?C are at the ,m,ng angle, the web could be V^^^^'^^tl 
fe,m IhTchm wheeLTedudng the quench rate. If thia technique is used, the 
Sn efneela to be dried Iff by the time it rotates to the point where m.lt 
f aeS Sac^d onit If it iB too wei, Bteam bubbles may fbrtn creating aenoua 
SonSSo^S to the cast web. A nip roll or air kidfe has « ^«°^- 
pSshSrSing of the roll. Combination ofhotb may be required m high speed 

°''^mTn extruding a tube through an annular die there are two kin^ of <,rten- 
tationproceases avaflable. blown flhn process andtubularfilm process ^^"Tf^ 
Sndnria the orientation in the melt atate. The tube is rapidly pulled ^^^y^^^ 
^rSy a nip at the top of a tower. Air 13 pumped through the annuls die to 
inflate the tube and to provide additional coohng. The molecular orientation pro- 
W iTblo^ film i. qSitelow compared to soUd-state orientation. The molecu^ea 
are above their melt and have very fast reWtion fames. One often refera to ttie 
^ iL in a blown flhn process. Thi^ ia ihe point where the ^elt cry^^es^ 
The polymeric web goes through a dear to hazy transition at this P<»^t. Further 
molecuW orientation in the web to this stage of the process typicaUy does not 



liL the tuhular film procefis, or double bubble process, the eictruded tube en- 
compaflses a cooled mandrel and is puUed away by a nip CFig, 3). The mandrel 
shoi^d Jiot impart scratches in the tube. This first "bubble" is usually quenched 
as rapidly as possible for the same reasons in flat fihn. Controlhng the wr pres- 
sure inside the fir^t bubble is another handle used to determine the quench rate. 
A water bath on the gutaide of the tube provides additional coolmg of the ejctru- 
date Water flow around the tube is very important. Too great an impingement 
against the melt may result in surface defects. A tube quenched m this manner 
allow subsequent orientation to occur in the solid state at significantly lower 
temperatures; resulting in higher molecular orientation. 



Melt-State Orientation— Blown Film 

The blown film process, as shown in Figure 4, orients the molecules while they 
are in the melt state. Inflating the melt bubble provides the orientation. The air 
pressure in the bubble is maintained to achieve a certain 'TdIow up ratio," the raUo 
of bubble diameter to the die diameter. The strain rates are relatively low arid 
relaxatian times are very fast. The subsequent xoolecular orientation obtained yia 
this process fella between the high levels of orientation obtained by stretcHiing 
in the solid state and very low levels obtained in standard casting operations. 
The orientation occurs during elongational flow of the melt. Although elonga- 
tional flow is much more effective at orientation than shear flow, this process has 

limitations. . ^ 

There are many methods to increase the amoimt of orientation trozen 
in during tbe blown film process. Systems have been developed to approach 
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Pig. 3. TubuUr film quenching. 



quenching a blown film tube from both internal to the bubble and exteraal to 
Sie bubble. The faster the quench, the ^eater molecular orientation is obtained. 
Internal devices (2,3) can cool the film preferentially, locking iix molecular ori- 
entatioru Externally cooling the blown film bubble in multiple stages (4^) will 
^ow greater orientation to occur in the tube. Operation of the primary air cooling 
ring has a dramatic impact on final properties (Y), Attempts to separate the ma- 
chine direction stretching from the transverse direction have shown some promise 
(8) 

Choice of materials, as in any process, is a mcgor consideration. Most resin 
suppUers and equipment vendors have laboratory to pilot-scale equipment that 
can screen various resins. Blends of similar resins can also be useiul in obtaining 
greater orientation in the blown film process (9). . ^ 

There been attempts to generate off-asiB orientation m blown film, Kotation 
of some component of the annular die may impart diagonal orientation (10.11). 
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Fig. 4. Blown film process, qtuench air ring, and intenxal bubble cooUng- 



Solid-State Orientation— Monoaxlal Orientation 

Machine Direction, There ^re applications in which improvenients in 
properties are required m only one direction. Most often, this high strength ajdi 
ia in the machine direction (12). Eqaipment ttiat stretches a fihn in the matOiine 
direction can be called machiae direction orienter or length orienter. Uniform 
heating of the unoriented web is achieved by wrapping the web around a series 
of heated rolls. These preheat rolls need to have very smooth surfaces to ensure 
good heat transfer to the web and to prevent scratching the film. Theae rolls may 
be driven rcills or idler rolls. Another method to heat up the web uses ir radiation 
(13), It is also possible to immerse the cast web in a temperature-controlled bath 
to bring it up to temperature prior to orientation (14). 

For a crystallized semiciystalline polymer, the web is heated to below, but 
near, the melting point. Amorphous polymers will only need to be heated to slightly 
above their glass-tranaition temperatures (Tg). 

The web passes through an inlet nip, over the preheat rolls and enters 
the stretch section (Fig. 5). A high speed nip pulls the film in the machine 
direction. The amount of orientation in the film will be determined by the strain 
rate, stretch temperature, amount of stretch, and how quickly the film is cooled. 
Stretching between two rolls is a veiy high strain rate process in industrial set- 
.tingfl, often of the order of 5000%/8. The level of orientation attainable is quite 
high- 

Selection of the polymeric material plays an important role in the efficiency 
of this process. One needs to consider the molecular weight, the molecular weight 
distribution, and even the additive package. High loadings of some stabilizers may 
plate out on the equipment and interfere with consistent heat transfer 

Subsequently, a second or even more (15) machine direction stretching sta- 
tLons may be used. The web may have to be further heated before it is stretched a 
second time. This process can produce higher molecular orientation in films than 
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THERMOFORMING 
Introduction 



Tkermofbrmiftg is the art and science of forming commercial producto by heat- 
ing riaatic sheet to * softened, pliable state, pressing the sheet agawist a oool 
mSld, holding the fornxed sheet against the mold unta rigid, and 
form^ part from the web or skeleton surrotmding it. Nearly all unfiUed or un- 
reinforced thermoplaBtics are formed in this manner on conventional equipment. 
Newer forming technologies are used to form filled and reinforced thermoplaB- 
tics and certain thermosetting polymers. In general, thennofonmngis ^^d when 
large surface area-to-wall thickness parte axe needed, when rapid evaluation ot 
pnTduct designs are sought, when very high production rates of thm-walled parts 
are desired, and when a few to a few hundred thick-walled parts are needed. 

Although commercial thermoforming, sometimes called vacuum farming or 
^wedging, was not developed until the 1870b, when ceUulose nitrate first cut 
into thin sheets, Egyptians, Padfio natives, and American Inmts formed naturally 
occurring tortoise sheet and tree bark or natural cellulose into bowls and boats 

long before then (1). , j i. - 

In the 1870s cellulose sheet was formed using metal molds and steam as 
the heating and forming medium (2,3). The earUest products were baby rattles, 
toys, miitor oases, and hairbrush backs. In the early 19008, piano keys were dr^e- 
fortned over captive Wooden cores. In 1930, Femplas Corp. patented abottlefabn- 
cated from two thermoformed halves. IteHef maps for the U.S. Coast and Geodetic 
Survey were thermbformed of cellulose acetate in the 19308. The first automatic 
roll-fed thermoformer was sold by Clause B. Strauoh Co., in 1938, to manufacture 
cigarette tips and ice-cube trays. The heating, bending, and shapuig of plastic 
sheet were taught in high school industrial art courses in the late 19308 (4). 

BncyeUiptdw ofPclymtr SeUmc€ ond Technolosy. Copyright John WUeor & Bona. Inc. AM rigbtB reservBd. 
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Fig. 1- Thwmofonnin^ production in the United States (7), 1 million lb 
Redrawn suod used with permiaBion of Hanser Publications. 



=f 465,000 t. 



The Second World War accelerated ijitereat in thermoformicig, with the de- 
mand for cast poly(methyl metbacxylate) fighter/bomber windows, gun closvire 

smd windscreens (5). . r 

By the jDcdd-19506, thermoformed blister packages and food containers ot 
polyst^jrrene were found in most grocery stores. In 1962, approximately 77.000 
t of plastic was thennoformed in the United States. By 1998, approximately 
2.9 million metric tons of plastic were thermoformed in North America (6) (Fig. 1). 
This is a sustained annual growth rate of about 10% over nearly four decades. An 
additional 4.55 million metric tone are thermoformed worldwide. The total world 
market is estimated to have a value of about tJS$ 35,000 million. 

Thermoforming la typically bifurcated into thin-gaug© thermoforming and 
heavy- or thick-gauge thermofonoing. As seen in Table 1, thin-gauge thermo- 
forming uaes sheet 1.6 mm or less in thickness, with its primary products be- 
ing packaging containers. Typical disposable products include blister packages, 
point-of-purchase containers, bubble packages, slip sleeve containers* atito/video 
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Table 1- ThBrmofontilng Caiegorlzatipn^ 
Item 



Thin-gauge 



Sheet thicknesd range 
Dominarxt products 
She&t hsLndlmg 
Typical machme type 
P^ess size 

Machine control aspects 
OontroUing aspect, heatwdg 
Heater type 

Pattaxn healing 
Part Biae tendency 
ZJumhor of molcl cavities 
Mechanical assiet 
Mold type 
Mold materials 



Less than 1.5 mm 
Packagine. disposataleg 
KolU 

In-line former, trimmer 
To O.B X 2 m 
Automated 
Heater output 
Electric, ceramic, qunrfcz 

Kot usually done 
Small 

Many to a hundred 
Plug 

Female, usually 
Aluminum, machined 



Mold cooling 
Free surface cooling 
Trimming aspects 
Nonproduct trim level 
Wall thickness tolerance, normal 20% 
Wall thickness tolerance, tight 10% _ 
PrcBBui* forming application Dacp draw, formed rim 



Active, controlled 
Ambient, usually 
Punch and die, rim roU 
About 50% 



Greater than 3-0 mm 
Cabinetry, industrial 
Palletized cut aheet 
Shuttle orrotary press 
To 4 X 6 m or more 
Automated to manual 
Conduction into sheet 
. BJlectric, catalytic gaa, 

forced hot air 
Common 

Medium to very large 
One or two, usually 
Plug, billow, vacuum boa: 
Male, female, mixed 
Wood, plaster, syntactic foam, 
white metal, cast aluminum 
Active to none for prototype 
Forced air, fogging 
Multiaxis routing 
About 25-30% 

10% 

Textured surfeces, deep draw 



"Jiai 8. 



cassette cases, hand and power tool cases, cosmelac ca^es, meat and poultar con- 
tainers, unit Berving containers, convertible^ven food serving trays, vvide-Tnouth 
jars, vending machine hot and cold drink cups, egg cartons, produce Bjid winebot- 
tie separators, medicinal ujiit dose portion containers, andform. fill, and seal Cp ^) 
containers for foodstufls, hardware supplies, medicine, and medicinal supplies. 

Heavy^gauge thermoforming uses sheet 3 mm or more in thickness, with pn- 
maiy products being permanent or industrial products. Typical praducta include 
equipment cabinets for medical and electronic equipment, tote bms. eingle and 
double detk pallets, transport trays, automotive inneMinera, beadliners, shelves, 
instrument panel skins, aircraft cabin wall panels, overhead compartment doors, 
snowmobile and motorcycle ahrouds, fairings and windshields, marine seatmg, 
locatera and windshields, golf cart, tractor, and RV shrouds, skylights, shutters, 
bath and tub surxounda. lavye, single- and double^wall shipping containers and 
pallets, storage modules, esrterior signs, swimming and wading pools, landscap- 
ing pond sheUs, luggage, gun and gulf club cases, boat hulls, animal carriers, and 
seating of all types. 

There is a growing but very still limited market for products formed from 
sheet between about 1.5 mm (thin-gauge) and 3.0 mm (heavy-gauge) thickness. 
Usually, products of this thickness are either too expensive to be disposable or 
too thin to be industrial or permanent products. One major application is in the 
manufacturing of very large volume drink cups (1/2 L or more). 
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Currently thin-gauge thermoformmg accounts for about three-qwwters of 
all sheet formed, in both toimage and dollar volume. Thin-gauge thermofonmng 
companies tend to be very large with broad spectra of products. Furthermore, 
companies that manufacture products may also do in-house thin-gauge thermo- 
forming for the packages for these produces. Heavy-gauge thermoforming compa- 
tiies tend to be small with narrow product lines. As a result, there are many more 
heavy-gauge thermoformiiig companies than thin-gauge thermofbnaing compa- 
nies In 2001, it was estimated that there were about 500 heavy-gauge thermo- 
forming companies and less tW 200 thin-gauge tkermoforming companies m 

North America (9). ^ . 4- 

Ae outlined in Table 1. tihere are substantial differences m the characteristics 
of these t^o thermoforming categories. In addition to the sheet thicknes3 crite- 
rion there is a difference in the way the sheet is presented to the thermoforming 
machine. Thin sheet is usuaUy deUvered in rolls of up to 3000 m in length, weigh- 
ing up to 2300 kg and having diameters up to 1.5 m. The sheet is fed continuously 
into the thermofomiiTig machines that are usually called roU-fed machines. Thick 
sheet is usually guillotine-cut to size and paUetized. The individual sheeta are 
then loaded manually or pneumatically into the thermoforming machijies, known 
as cut-sheet machines- . 

Thermoforming is a competitive technology In thin-ga\ige it competes with 
paper, paperboard, plastic-coated paper and paperboard, paper pulp, expanded 
polystyrene foam, aluminum foil, and roll-sheet steel. It also competes with plas- 
tics extruaion> compression molding, stretch-blow molding, injection molding, and 
injection-blow molding. In heavy-gauge, it competes with injection molding, rota- 
tional molding, blow molding, fiberglass-reinforced polyester resin spray-up mold- 
ing and lay-up molding, compression molding, sheet compound molding, bulk com- 
pound molding, sheet metal forming, and metal die casting. 

When compared to other technologies, thermoforming offers many advan- 
tages: there is a wide variety of polymers from wHch to choose; molds are single- 
sided and are thus less expensive than injection molds; the time from concept to 
final part acceptance is usually quite short; there are many available mold mate- 
rials; aluminum— the mold material of choice— is lightweight, has a high thermal 
conductivity, is relatively inexpensive, and is easy to machine and cast; processing 
temperatures axe low; processing pressures are very low; mold detail replication 
is good; part surface area-to-waU thickaesa is extremely high; and there are many 
excellent trimming techniques (3.0). 

However, thermoforming haa some serious limitations. Among others, the 
polymer of choice may not be extrudable or may sag too much during heating in 
the thermofotming machine; there is additional cost in producing sheet; the un- 
used portion of the sheet— the trim, web, or skeleton— must be recycled to keep 
sheet costs reasonable; because of the end-use of the product (medical, pharma- 
ceutical, foodstuffs), recycling of the trim may not be acceptable, it may not be 
possible to stretch the sheet sufficiently to achieve the. desired part shape, part 
wall thickness is not well-controlled or predictable, and is not uniform across the 
partj wall thickness cannot be changed locally through design; surface texture 
may be required on both aides of the part; the part performance criteria may 
required reinforced or highly :ailed polymers; the part tolerance, edge radii, and 
draft angles may be unacceptably tight for the thermoforming process; and there 
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maybe oilier processes that are more economically attractive. A general compax- 
ifion of four thermoplastic processes ie given in Table 2 (see Injection Molding; 
Bixyw Molding), 



Machinery 

The specific details of thermoforming machinery depend on whether thin-gauge 
or heavy-gauge parts are fabricated. However, all machmea include some form of 
sheet handling device, some way of moving the sheet from one station to ano^he]^ 
a sheet heating oven, a vacuum system, a forming press containing the mold 
assembly, a formed part removal region, and a system for controUing the vanous 
elements of the machine that allow sheet transfer from one station to another- In 
addition, the machines may include some form of sheet prestretching, such as a 
preblovdng step or mechanical pushers or plugs, a pressure system, a mold coohng 
system, a trimming press, and some form of trim removal. 

Thin-Gauge Machines, The schematic in Figure 2 illustrates the most 
common thin-gaUge thermoforming machine arrangement. The sheet, delivered 
as a roll, ie indexed through the machine on pins that are arranged along parallel 
or near-parallel lengths of continuous liUik chains. The sheet is usvally uniformly 
heated from both top and bottom with infrared heaters. Most commercial ma- 
chijifes use ceramic brick3 or tiles, metal plate heaters, metal rod heaters, quarts 
tubes, or quartz plate heaters as energy sources. Typically, the ovens at:commodate 
two or morB "^shots" or forming stops. Once the sheet is at the forming tempera- 
ture it is indexed into the fornubog press. The formijig press contains at least one 
platen with the desired mold asaembly. If the parts being formed require matched 
formins, as is the case with low density foam sheet, a second platen contains the 
matching mold assembly. If not, the second platen may contain a pressure box, a 
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3Plg- 2 . Schematic of email thin-gauge thermoforming machine (Kiefel GmbH, PreUaasing, 
Germany). Used with permission of Hanser Publications. 
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Tnechanical plug assist asaembly, aii<3/or a clamping grid assembly. There are sev- 
eral ways of opening and dosing the fonmng press. Mechanical and pneumatic 
toggles have been used for decades. Electrically driven platens have become quite 
popular recently. 

The mc^ority of thin-gauge parts are formed into female or negative cavitiea. 
For deep cavitiea or multiple-compartmented cavities, mechanical aasifita, called 
plugs, are used to prestretch the sheet before vacuum and/or pressure is used to 
force the sheet against the mold surface. Air pressure to 5 bar ia used, in con- 
junction with vacuum, for deeply drawn parts or for parts requiiiug high surface 
detail or sharp radii. 

In thin-gauge forming, there are three common ways of removing the formed 
part from the web, skeleton, or unformed portion of the sheet. Iji-mold trimming 
employs steel rule diea that are a portion of the clampiag assembly holding the 
sheet to the mold surface. Once the parts are formed, the steel rule die assembly is 
activated to cut the parts firee of the web. In-machine trimming employs a separate 
trimming station that is situated downstream of the forming press, but atill within 
the machine frame. The sheet containing the formed parts is indexed from the 
forming press directly into this trimming station, where steel rule dies separate 
the parts from the web. In-line trimming employs a separate trimming press that 
is downstream from the forming machine, as shown in Figure 3 (12). The sheet 
containing the formed parts is fed from the end of the forming machine pin-chain 
assembly into a separate indexer on the trimming press. The sheet containing the 
formed parts passes between a punch assembly and a die assembly. The punch 
pushes the formed parts against a trim die, cutting the parts away from the web 
and pushing them onto a collection table^ 

FFS machines are used in for packaging pharmaceuticals, foodstuffs, and 
medical supplies. As seen in Figure 4, thermoforming is a small portion of the 
process (13). In these machines, the sheet is usually pulled through the entire 




Fig. 3« Schematic of large thiin-ffaiige thermoforming machine (Battenfeld — GI<meter, 
Gloueter, MasB.) (12), Used with permission of Hanser Publications. 
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Fiff, 4p Thernaoformiixg aa an integral part of thin-gauge container production line (13). 
Ueed with, permission of Hanger Poblications. 

FFS sequence. The sheet is heated by cont&ct with heated plates or rolls. S'B'S 
technology is most effectiva when the sheet is on the order of 250 ^tn or ^o. 

For all roll-fed applications, it is economically neceasaiy to collect the web for 
regnndLng and reprocessing into sheet- For the in-line trknming press, the web is 
guillotined at the press and the chips are vacuixm-coUected for reprocessing. 

Heavy-Gauge Machines, There ore several common deaigna for heavy- 
gauge thermofommig machines. The simplest and most widely used is the shuttle 
machine (Fig, §) (14), where the sheet, cut to size and palletized, is loaded, one 



Pnsum adc/hydrau Ik: 
Plug assist 



I 
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Heater 
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3Fiff- 5. Schematic of heavy-gauge shuttle theitnoforming machine (Drypol/Zimco, no- 
longer in buaiaesB) (14). Used with permission of Haneer Publications. 
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Fig. 6. Schematic of lieavy-gavge rotary thermoforming machine (15). Used with permis- 
sion of Hansen Publications. 



sheet at a time, in a four-sided clamp frame and shuttled into the oven. When 
the sheet is at its farming temperature, it is shuttled to the forming press. When 
the sheet has been formed and copied, it is removed fi:x)m the clamp frame to a 
trimming fixture. Shuttle presses are very versatile and capable of forming parts 
of nearly utdimited dimensions. Shuttle preeses with two forming stations and 
a central oven are used to overcome the economically inejBfiicient operation of a 
single forming press machijuie. Rotary thermoforraing machines, with either three 
or four stations, are qmte energy efficient, but require more care in setting up. 
Figure 6 is a. schematic of a three-station rotary machine (16). These machines 
are also limited in the size of the parts that can be formed, 

A three-station machine has one heating station, in addition to the forming 
etation and the load-unload station. The four-station machine has two heating 
atationa. The sheet is usually uniformly heated from both top and bottom with 
inirared heaters. Most commercial machines use ceramic bricks or tilea, metal 
plate heaters, metal rod heaters, quartz plate heaters, or catalytic gas heaters as 
energy sources- As with thln-gaug© thermoformers, once the sheet is at the forming 
temperature, it is indexed into the forming press. The forming press contains at 
least one platen with the desired mold assembly. The press may contain a second 
platen. For aingle-sheet forming, the second platan may contain a pressure box, 
a mechanical plug assist assembly, and/or a vacuum draw box to pneiamatically 
prestretch the sheet. As with thin-gauge forming, the mold may be mounted on 
either the top or the bottom platen. The mold frame usually contains one to a 
few molds, which can be either male or female. Mechanical toggles or electrically 
driven chain with rack-and-pinion guides are used to raise and lower the platen. 
If a pressure box is used, the mold sections are mechanically looked and pressure 
bags are inflated to etnsure an intimate seal against air pressures to 0.6 MPa. 
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Twin-sheet theimofonniii& ia the method of forming hollow gr semihollow 
parts such as pallets and door panels. Four-station machiaes are commonly used 
to form these parts. The firat sheet is loaded in the damp frame and rotated into 
the first oven. After a predetermined time, the second sheet is then loaded in 
the neact damp frame and rotated into the first oven. This action rotates the first 
sheet to the second aven. When the first sheet is at its forming temperature, it is 
rotated to the forming press and formed into the top mold cavity. When the part 
is sufficiently cooled, the damp frames release the sheet. This allows the second 
sheet, in its damp frame, to be rotated to the forming press, where it is formed into 
the top mold cavity. Then the platens dose, are mechanically lodced together, and 
air is forced under pressure between the two sheete. Thi$ forces the sheets against 
their respective molds and the damping force provides for sealing of peripheral 
edges and any mating surfaces designed into the part The welded-together sheets 
are then released from the damp frame and removed to the trimming device (16), 

There are many ways to trim the part from the surrounding plastic. Hand- 
held routers, band saws, and circular saws are commonly used. Hand-held drills 
are used for holes and slots. Computer numerical-controlled routers are used ex- 
tensively for parts requiring dimensional accuracy along trim lines. 



Process CharacWristics 

The Forming Process. Drape forming (male or positive forming; Fig. 7) 
and vacuum forming (female or riegative forming; Fig. 8) are the earliest and sim- 
plest methods of thermoforming (17). Both methods yield parts with very nonuni- 
form wall thicknesses. Free forming {billou} or free bubble forming) uses no mold. 
The sheet is simply pneumatically stretched to the desired extent, and then al- 
lowed to cool in this shape. 




Vacuum 



77^ 




Thin corners 



Male or 
poGllIve mold 



Fig, 7- Male or positive forming (17). 



1^ 



(77- 



Thin comer 



Vacuum 



Femate or 
negative mold 




Fig. &. Female or negative forming (17). 
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Fig, 9. Schematic of vacuum draw box prestretching, followed by male or positive mold 
insertion (18). *^ 
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Female molcJ 



Vacuum ^ 




I^^- 10* Schematic of plug-assisted female or negative fonning (18). 

Prestretching is U3ed to improve part wall thickaess. Pnetunatic stretcMng 
(billow forming or use of vacuum drauj hox\ Fig, 9) is used with male molds. 
MechajucaJ stretchiag (plug assist or push forming) is frequently used with female 
molds (Fig. 10) (19). When the sheet has been stretched to near the bottom of the 
mold cavity, a combination of vacuum and compressed air is used to force the sheet 
off the plug and against the mold surface. 

Pressure forming is used when the plastic is very stiff at the forming tem- 
perature, as with oriented polystyrene, when molded part requires surface detail 
find sharp radii or when the parts are deeply drawn. Thin-gauge pressure forming 
is commonly used for drink cups, dell containers, and pudding cups. 

Matched mold forming is used when the plastic is very stiff at the forming 
temperature, as with highly filled or reinforced polymers or foamed polymers. Slip 
forming is used when the sheet cannot be easily stretched, as with continuoua- 
glass reinforced polymers. During forming, the heated sheet is allowed to slide 
through the clamping frame. Diaphragm forming uses a heat-resistant neoprene 
or silicone membrane or bladder that carries the heated sheet into the mold cavity. 
The diaphragm is usually inflated with hot oil. 

Twin-sheet forming produces hollow or semihollQw parts. Both halves of a 
part are typically formed in female molds, and then pressed together to affect a 
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Thin-guaae roll Conveyor 



Fig, Ih FFS forming (19), Used with permission of Hanser Publications. 

peripheral seal as well &s internally w6lded regions. Both heavy-gauge and thin- 
gaug^e parts are twin-sheet fqrmed. 

Contact forming or trapped sheet forming is used primarily -with thin-gauge 
FFS applications (Fig. 11) (19). The sheet is heated on one or both sides by direct 
contact with heated metal surface. The hot sheet is then drawn into the mold 
cavity. From that point, the sheet containing the formed parts is mechanically 
pulled through the filling^ sealing, and trimming steps. Mechanical fonnins usu- 
ally does not require a mold. The plastic aheet is machined to shape, and then 
locally heated and mechanically formed into the final part shape, where the open 
seams are glued. Cuspation also uses no mold. Instead the heated aheet is impaled 
at high speed "with sharp projections (20). The product is a three-dimensional mat 
that competes with honeycomb and medium density foam. 

In the 1970s, the Dow Chemical Co. developed a technique for forming shapes 
from sheet without the need to trim and regrind. In the scrapless thermoforming 
process CSTP), the sheet is diced into squares (21), The squares are then coated 
with lubricant and heated in a conveyor oven. Each square is then placed in a 
forging press where it is formed into a disk. The disk ia then pressure formed into 
an axisymmetric container. STP has merit when multilayer sheet trim cannot 
be successfully reprocessed. Billet forming also uses precut shapes, usually disks 
called billets. These are mechanically loaded into clamping fixtures that are then 
conveyed through an oven. Each tray containing the biUets is then conveyed to 
a forming press where ring clamps secure tiie billets prior to plug-assist thermo- 
formi?]ig into cavities. This technique is used to produce bottle liners, paint can 
liners, and condoms. 

Heavy-gauge sheet stays at the forming temperature far longer than thin- 
gauge aheet or film. As a result, many more processing steps are possible with 
heavy-gauge' sheet. The techniques are cataloged as to whether the mold is male 
or female, whether the sheet is preatretched with air or with a plug, and whether 
the stretching force is applied through pressure or vacuum (22). 

Direct extrusion-to-foiming is used in both thin- and heavy-gauge forming- 
Can lids and picnic plates are typical shallow-draw thin-gauge products produced 
by extruding sheet directly onto a wheel assembly that contains niyriad molds. 
The key to quality wheel production is ensuring that the sheet is sufficiently cool 
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duiing stretching, la heavy-gauge forming, after exiting the e5±rusion die the 
sheet IS Uflually cooled until somewhat rigid, then reheated in the in-line ther- 
moformer. Since the sheet is continuous, the thermoforming machine is ainxilar 
to a tr&ditional roll-fed thin-gauge thermoforming machine. This technology is 
employed when production runs ar© long, as with refrigerator door liners. 

There are three essentially separate sequential phenomenological steps 
m thermoforming— heatmg, stretching, and trimming (technically mechanical 
breaking or fracture). 

Heating. Three general methods of inputting energy to aheet are convec- 
tion, conduction, and radiation. 

Conduction is energy transfer by direct contact between the sheet and a 
heating soiirce. Contact heating is used when the sheets are veiy thin. FFS ma- 
chines frequently use contact heating with the forming station being integral to 
the heating plate. Polymer density, specific heat (enthalpy or heat capacity), ther- 
mal conductivity and thermal diflfusivity are important in conduction. Conduction 
is also the method by which energy moves through the plastic sheet Polymers are 
thermal insulators when compared with metals. Conduction of heat from the sheet 
surface to its interior is a controlling factor for heavy-gauge plastic sheets. 

Convection is energy transfer between moving air and the plastic aheet sur- 
face. Convective heat transfer is always present since the heating sheet is sui-- 
rounded by ambient air, and the free surface of the formed part id in contact 
with ambient or fan-driven air. Typically, energy transfer is low when the air 
is quiescent and only slightly higher when air ia positively moved across the 
sheet or formed part surface. Convective hot-air ovens are used to heat very thick 
sheet. 

Radiation is electromagnetic energy interchange betvsreen hot and cold sur- 
faces in view of each other. For most thermoforming processes, most of the radiant 
energy is in the far-infrared wavelength range, from about 2.5 ^tm to about 15 
(Fig. 12) (23). Radiant heat transfer efficiency depends on the absorbing and 
enutting characteristica and the relative dimensions and spacing of the heating 
source and the polymer material. Radiation heat transfer provides the fastest and 
most versatile means for heating sheet in thermoforming. The energy output from 
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K^^nnn^.^^^^ typically in the range of 30-60 kW/m^ with a temperature range 
ot 150-900 C, The common thermoforming he^iting sources are as follows (24): 

(1) Hot air (iaduding convection, toaster ovens) 

(2) Hot water/ateam 

(3) Sun lamps (drugstore variety) 

(4) Nighrome spiral wire (such aa toaster wir©) 
(6) Steel rod heaters 

(6) Steel or nichrome tape 

(7) Quartz tub© heaters Cnichrome we, tungsten wire or tape) 

(8) Halogen heaters (halogon-gas filled quartz tubes with tungsten wire or tape) 

(9) Steel plates with embedded resistance wire 

(10) Ceramic plates with embedded resistance wire 

(11) Ceramic bricks with embedded resistance wire 

(12) Quartz cloth heaters backed with exposed nichrome wire 

(13) Steel plates that reradiate combusfdon energy from gas flame 

(14) Steel wire grids that reradiate combustion energy from gas tlame 

(15) Ceramic plates that reradiate combustion energy from gas flame 

(16) Indirect gas combustion on catalytic beds 

(17) Direct gas combustion 



Only a portion of the energy emitted by the heater actually reaches the sheet, 
as seen in Figure 13 (26). The selection of an appropriate heater depends on several 
factors: 



(1) Day-to-d^Ly running co^s. Energy costs for gas combustion heaters are about 
one-fourth of those for electric heaters. 

(2) Maintenance coats. Quartz tube heaters are fragile and must be carefcdly 
cleaned. Rod heaters are rugged but can rapidly lose efficiency. 

(3) Initial installation cost, Plate and panel heaters require less electrical con- 
nections th^ ceramic brick heaters. Catalytic combustion heaters require 
both gas and electric connections. 

(4) Heater versatility. Quartz and halogen heaters heat yery rapidly, compared 
with panel and catalytic combustion heaters. Ceramic brick heaters allow 
ease of zoning or pattern heating. 

(5) Polymer characteristics. The sheet thickness and the polymer infrared ra- 
diation absorption characteristics may influence the heating method. Poly- 
mers with high infrared radiant transmission levels heat slower than poly- 
mers with low levels- Thin polymer sheets heat slower than thicker sheets. 
Polymers with higher thermal diffusivity values heat more uniformly than 
those with lower values. Ciystaliine polymers such as polyethylene and 
polypropylene require more energy to reach forming temperature than 
amorphous polymers such as polystyrene and poIy(vinyl chlonde) (PVC). 
Crystalline polymers benefit by preheating, with the pf eheater being placed 
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ma- 



between the unroll stack and the pin-chain engagement on thin-gauge 
diines and &s the first of two heaters on heavy-gauge four-station rotary 
thermoforming machinea. 

Most modern forming ovens heat sheet oti both sides. Oven heater emciency 
depends also on heater-to-sheet spacing, closed vs. open oven design, eictent and 
reflective nature of nonheated suxfaces, thermal protection of sheet clamping de- 
vices, heater-to-sheet area, and number of thin-gaug© shots in the oven. 

Sag bands or metal rods that run length of the thin-gauge oven have been 
used for polymers that sag excessively when heated. Some heavy-gauge shuttle 
thermofonrung machines are equipped with ovens that completely seal the sheet 
between the heaters. These ovens are equipped with vacuum and compressed air, 
so that the sheet is Hfted when it begins to sag. 

Sheet Stretching. When the polymer sheet is at its forming temperature, 
it is transferred to the formingpress where it is stretched a^ainet the mold surface. 
Technically, stretcliing is biaxial deformation of a nonisothernial rubbery elastic 
or viscoelastic membrane achieved through differential pressure across the sheet 
surfaca Typical strain rates are up to 25 s " ^ The rubbery elastic characteristic of 
a polymer is described by its set of temperature-dependent stress-strain curves, 
as shown in schematic in Figure 14 (26). 

The forming temperature region is the shaded portion. Th^ polymer resis- 
tance to applied differential pressure and the polymer elongation at break de- 
termine the lower forming temperature. The level of sheet sag during heating 
determines the upper forming temperature. The maadmum applied differential 
pressure is shown in Figure 14 as a horiicontal line. The value represents the 
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Kff. 14. Typic^il etress-strain echematig in thermoforming (26). Crosshatched region rep- 
resents forming -^mdow. Used ivith permission of Hanser Publicationjs, 



appHed vacuum in the case of vacuum forming or the extent of auxHiaiy ^ir pres- 
sure used in pressure forming. The crosshatched area below this line represents 
the thermoforming window for a. given polymer 

For most thermoformiiig operations using unfiUed or unreinforced polymers, 
the differential pressure is leas than 0.5-1.0 MPa (145 pai). tUfferential pressures 
of more than 3-0 MPa may be needed for high perfoxmance reinforced polymers. 

Stretching a^nst a mold surface is a differential process in that only that 
portion of sheet that ia not in contact with the mold surface stretches. As a re- 
milt, the part wall thickness varies substantially aoross the part surface, with the 
thinnest part being in the region where the sheet touches the mold last. There are 
two common ways of prestretching the sheet to improve wall thickness variation. 
In heavy-gauge thermoforming, the sheet wiay be prestretched using diCTerential 
air pressure to inflate the sheet or draw it into a vacuum box. In both heavy-gauge 
and thin-gauge thei moforming, a aohd shape or plug may be mechanically pressed 
into the Bheet before differential pressure forces the sheet against the mold sur^ 
face. The plug nearly uniformly draws the sheet between its bottom edge and the 
rim of the mold. As seen in Figure 15 C27), the effect is to pull material from the 
thicker regions of the part, thereby increasing the thickness of material in the 
region where the sheet touches the mold laat. 

Part wall thickness can now be predicted quite accurately with finite element 
analysis- The physical sheet is replaced with a two-dimensional mesh of triangular 
elements and nodes, which is then mathematically deformed under increasing 
load. When the nodes touch the electronic surface of the mold, they are affixed. 
Force continues to increase until all or most of the elements are rendered immobile, 
CurrMitly the Ogden poweislaw model is used as the polymer elastic constitutive 
eqfuation or response to appHed load C28), 

Although elastic stress^train behavior describes sheet stretching for most 
thermoforming processes, sheet deformation during plug-assist prestretching is 
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best deacribed as viscoelastic. That is, the polymer responds as an elastic liquid 
with unrecoverable deformation occurring particularly in the contact region at 
the plu^ edge. Ourreiitly, the Kaye-Bemstein, Kearaley, Zapas model is used for 
the polymer viscoelaatic response to applied load. 

kSigldifying the Part. ComTOercial molds are temperature-controlled. In 
heavy-gaugie thermofonmng, cooling tijue on the mold surface may control the 
overall cyde time. Bnergy is removed from the polymer part by cgnduction through 
the aingle mold surface to recirculating coolant in the interior of the mold. Forced- 
air free-surface cooling helps reduce cooling time. 

TVimming. Trimming la mechanical cutting or brsaking of cooled plastic 
Although there are many ways of cut-ting plastic, including laser and water jet 
cuttiixg, most commoroial thermoforming operations use either of two 'approaches 
(29). Compression cutting involves the mechanical pressing of a sharp metal edge 
against the plastic part. It U usually used to trim plastic less than 1.5 mm in 
thicknesa or low density foam plastic of any thickness. The sharp metal edge, 
usually a steel rule die, can either be pressed against an anvil or can squeeze the 
plastic between a forged die and a punch that has interference fit with the cutting 
edge (30). 

Chip cutting involves mechanical brealriug away of small pieces of plastic 
with a multitoothed blade or wheel, in a kerf between the desired part and the 
selvedge. It is generally used to trim plastic with thickness greater than 3 mm, 
and for filled and reinforced plastia Bandsaws, hand-held drills and routers, and 
table-mounted circular saws are used for general cuttitig such as hogging the part 
from its trim. Computer-driven three-axis and five-axis routers are now used for 
more accurate trimming, especially where holes and slots must be cut into the 
part. The parts are usually tightly held with vacuum against a rigid fixture while 
being trimmed. The selection of the trim bits and the depth and speed of trimming 
depends strongly on the polymer being cut. 
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Process and Product Control. Machine control has steadily progressed 
from relay dock tuners to programmable logic controllers controls to all-computer 
contarols, On-board computers not only control the process variables but also are 
used extensively for inventory control. Even thougb infrared sensors have been 
used for years to measure single-point sheet temperatures during oven heating, 
exiting sheet on temperature alone ia etill novel. Recent line scanning of mov- 
ing sheet has enabled operators to manually adjust heaters, but feedback heater 
temperature control has yet to find acceptance. Thermography or two-dimensional 
infrared imaging of hot surfaces is invaluable in determining heater performance 
sheet temperature uniformity, effect of zone heating on sheet temperature, and 
mcrid temperature uniformity The cost of these devices is a deterrent toward their 
"Wide acceptance as process monitors. 

Thin-gauge, all-electric machines were first developed for aseptic and clean- 
room medical packaging. In addition to minimizing lubricating and hydraulic 
oils, machine setup, including mold siting and in-press trim die adjustment is 
tar easier than with partially electric systems. Touch-screen setup programs and 
computer control have reduced setup time. For redoing previous jobs, these ad- 
justments are automatic. 

Incoming sheet quality control ie of prime importance to the thermoformer 
In addition to residual sheet orientation induced during eactmaion, sheet quaKty 
momtoring must include g&uge thidmess, squareness for cut sheet, surface gloss 
or texture, color and color uniformity, identification and cx?ntrol of defects such 
as pits, gels, scratches, die lines, and optical distortion, melt flow characteristics 
of polyethylenea and polypropylenes, crystaHinity level and intrinsic viscosity of 
polyethylene terephthalate), and mechanical properties such as impact strength 
tensile strength and modulus, elongation at forming temperature, and tear resis- 
tance for thin-gauge sheet. In many cases, theimoformera may accept certification 
of many of these parameters from either the sheet extrusion house or the polymer 
supplier. In some cases, the thermoformer should run hia/her own tests to ensure 
incoming product quaUty (51), 

Mold design accuracy and part quality assurance have benefited from 
computerized coordinate measuring machines. Coordinate measuring machines 
provide valuable information on part reverse engineering and local part shrinkage 
value determination. Mold and plug design and fabrication now depend on com- 
puterifiied design and mold manijfacture. And computer numerically controlled 
tnmmmg devices in heavy-gauge forming have accelerated designer and user ac- 
ceptance of thermoformed parts. 



Materfal Characteristics 

Usually if a polymer can be eactruded or cast into sheet form, it can 
be thermoformed. Since the basic thermoforming processes use less than 
1 MPa forming pressures, nearly all thermoformable polymers are unfilled 
or unreinforced. The thermoforming process reUes on the "hot strength" of 
tJhe polymer to minimize sagging during heating. As a result, most thex^ 
nmformable polymers are amorphous (see Amorphous PoLYMERS). Styrenics, 
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Polymer materials 

Fi^. 16. US. plastic materials cwwumption for thin-gauge (2.1 million metnc tons) and 
heavy-gauge (632,000 t) thermoforming (32): PE = Polyethylono; ABS = acrvlondtrile- 
but^diene^^ene; PS = polystyrene; PP = polyproplyene; PMMA ^ polyCmethyl methy- 
lacrylate); PVC = polyvinyl Chloride); PET = polyCethylene terephthalate). Redrawn and 
P-eed with permieigioii of SPE Thermoforming Diviaion. 



particiXkrly polystyrene (aee Styrbne POLYMERa) and ABS (see ACRYLONITRIL©- 
BUTADlli3ffE^TVRENE PomiERS), amorphous polyCethylene terephthalate) (see 

POLYESTBRS, THSttMOPLASTIC) [APETJ, PVC (see ViNYL CHLORIDEi FOLYMERS), 

polyCmethyl iwethacrylate) (see Methackylic E8TER Polymers) [acrylic], and poly- 
carbonatoa (qv) are commonly thennoformed. The only orystalline polymer in wide 
use is high density polyethylene, which h^s excellent elasticity in the melt state 
(see EiHYLENE Polymers, HDPE; Ssmicrystalunhj Polymers). Newer grades of 
polypropylene are being designed specifically for thermoforadiig. PJ^re 16 shows 
current U.S. polymer usage in both thin-gauge and heavy-gauge thermoforming 
(32), 

In addition to *^ot atrength** or elasticity at the fonmng temper ature, other 
intrinsic polymer charaoteristica are important in thermoforming. The chemi- 
cal makeup of the polymer dictates the extent of inftared energy absorption or 
its counterpart, infrared energy transmission. At the same thickness, polyethy- 
lene has a higher infrared transmission level and therefore lower radiant energy 
absorption than polystyrene, This is seen by comparing the iafrared spectra of 
polyethylene (Fig. 17) and polystyrene (Fig. IS) (33), As expected; the fraction 
of energy transmitted through the polymer film decreases with increasing film 
thickness. Infrared energy transmission spectra are usually available from poly- 
mer material suppliers. 

The forming window for a given polymer can be quantified by differen- 
tial thermal mechanical analysis. Specifically, the temperature-dependent elastic 
modulus is key, as shown In Fig. 19, for typical thermoformable polymers (34). An 
adequate forraing window is dictated if the modulus curve shows a flattening or 
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temperature-dependent elastic moduli of an amorphous and a crystalline 
polymer, shownxg formiijg regions for both (54). ^-^vii^iiuu^i ««i a cryscoiune 
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St^^'^Tf!^ * ^f"^ consistent with nonnal thermofornung differential 

preBsure. If the polymer modulus curve shows little flattening or if the flattening 

arX^thoTl ^^"^ ^ Window or nonf 

at all. If the flattenins occurs at a ve^ high value, normal forming pressures may 
be m^equate to stretch the polymer into detailed or complexmTlds 
«v ^S^ i^4.^^"^f^ properties, such as temperature-dependent specific heat 
^aoS ftJS^T^ ponductivity. and theonal diffasirity are al^o important. 
Althou^ thermoforming is a thermaUy and mechanically gentle process inao- 
far as the polymer is concerned, the general process of extrusion, thermoforminF, 
regimdui| and potentially multiple reextrusions may lead to extensive molecnlji 
^T^ili^^' particulairly true Vatb thermally sensitive polymers such as 
P^/J^^^yJene terephthalato). Thus intrinsic polymer thermal stability 
and thermal and mechanical stability of the additives must be considered 

fiv.. ^ff" f^'*^*^ ^^^^ ^'^^ «ot contain fillers or reinforcing 
nbers. FUlerg and fibers mcrease polymer stiffliese but usually not polymer tran- 
sition temperaWs. Polymers containing up to 40 wt% talc, caldum carbonate 
glass cullet, and diatomaceous earth are typically pressure formed at higher than 
usual temperatures. Polymers containing moderate levels of chopped glass and 
carbmi fiber and certam types of nonwoven fibers are also pressure fonned or 
matched mold formed. Fillers and flbeiB affect the radiative and thermal prop- 
^ * Orgsmic dyes used to color transparent polymers usually do 

not affect the radiative characteristics of the polymers. Inorganic pigments have 
particle sizes that may interfere with volumetric radiant absorption 

^d although thermofonnlng is basically a rubbeiy solid deformation pro- 
cess, the viBcoBlastic character of the polymer may need to be understood, pa> 
ticularly for the plug-assisted forming process. Computer-aided design programs 
also may need polymer viacoelastic propertiea. This may be particularly true for 
^ystalline polymers sudi as polyethylene and polypropylene when formed above 
their melt temperatures. This is discussed below. 

Excessive and^or inconsistent residual orientation in polymer sheet Induced 
during the ortrusion process can be a vexing problem in thermoforming. Thermo- 
formers work with eirtruders to keep both machine-direction and cross-direction 
orientations to 5% or less. IW)le 3 gives advantages and disadvantages of aeveral 
mermotormable polymers. 

Mold Materials 

Since thermoforming is a low pressure process, production molds are made of 
soft metals such as aluminum (36). Veiy large heavy-gauge molds and some thin- 
gauge molds are commonly sand-cast of A356 aluminum. Multicavity thin-gauee 
molds and some smaller heavy-gauge molds are machined from A6061 aluminum 
ITor polymei^ requiring higher forming temperatures, such as polysulfones (ov) or 
polycarbonates (qv). machining grade A7075 aluminum is used. Machined 316 
stainless steel is used on occasion for corrosive polymers such as rigid poMvinyl 
chloride). Electroformed nidrel molds are used when extreme mold det^ is re- 
quired. Hegions far from cooling sources may be made of higher thermal conduc- 
Uvity metals such as copper-aluminum alloy or bronze. Pinch-off areas may be 
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T^ble 3. Advantages and Disadvantages of Thermoformabfe Polymers** 



Polymer 



PolyBtyrenft (TG) 



Proceesing 
temperature 



ABS HG) 



Advantage 



Difiadvantage 



160-190 



High-impact polystyrene 160-205 
(HG, TG) 



150-205 



Modified polyphenylen© 165-220 
Dxida (HG) 



Oriented polystyx^ene (TG) 130-160 



Poly(methyl methacrylate) 160-205 
(acrylic) (HG) 



Poly(methyl 150-190 

ineth.acrylateypoly(vinyl 
. chloride) (HG) 



Extra tough polymer (hg, 160-180 
TG) 



Flexiblo PVC Chg, TG) 105-150 



Rigid WC (HG) 120-180 



EAgily formed 
InexpenBive 
Easily extruded 
Available 

Good impact 
Easily coloretjl 

Great toughness 
Ea^y formed 



Forms like HIPS 

Fit e-ret ar daji t 

Great pressure-formed 

Superior surface gloss 
Great iropacfc Btrength 
Great Opticals 

Great gloss 

Readily formed 
Eaccellent UV 

Great pressure-fonned 



Brittle 

Tenacious trim dust 
?lug mark-ojBT 
Limited elongation 

YeUovf B at high temp 
May Bznoke 
Hazy, tran^ucent 
Absorbs moisttixe 
YelloTvs at high temp 
SpHtty at low temps 
PR grades sttflf 
Stiff at mod temps 

Odor at forming tenap 
Usually trim cold 
Texiacioua trim' dust 
Careful heating 
Trimming di£Bculi 
Expensive 

Direct contact heating 
Somewhat moisture 

sensitive 
Easily scratched 
Brittle in gharp 

comers 
Yellow at high temps 



Good fire retardanqy Brittle in trimming 

Good outdoor appl. 
Good toughness Expensive 



Good clarity 

Good chem. resistance 
Good drawability 
Fire retardant 
Good automotive matl 

Fire retard ant 
Easily colored 
Tough 
Moderate 

transparency 
Outdoor appl. 



Not normally a stock 
item 

Weak at high temps 
Plasticizer odor 
Grain wash at high 

temps 
Yellows at high temps 
Low Tff 

r>i£ficult prestretch 
Narrow processing 

window 
Recycle times hmited 
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Table 3. (Continued) 



Vol.8 



Polymer 



Low density polyethylene 



High density polyethylene 
(HG) 



Polypropylene (hg, TG) 



EP copolymer (TG) 



Oriented polypropylene 
(TG) 



Ethylene^vioyl acetate 
(TG) 



Polypropylene - -209fr talc 
(hg, TO) 



Polypropylene 40% 

glasB-reinforced (HG, tg) 



Polycarbonate (HG) 



Processing 
temperature 
rangie, 'C 



Advantage 



126-175 Tough 



Disadvantage 



14Q-19S *rough 

Good melt strength 
Fractional melt index 

145- 165 Touffh 

High temp appl. 
Caxi be transpaxent 
Beat pressute-formed 
Heavy-gavge matla 
now 

130-X80 Ponne like high 

denisty polyethylene 
Forme beat cool 

146— 160 Very low haze 

High gloSB 

Great impact strength 
Contact heat best 
135-150 Draws well 



lSO-205 Forme well 

Plug desired 

Best preeHure-formed 
150-230 Best presBure-formed 



, 180-230 



Great UV reaistaneo 
High temp appl. 
Good forming wiiadow 
Good colors 



Poor high temp char. 

Excessive Bag 
Narrow forming 

window 
Haze at high temps 
Sticky on plugs 
Exceeeive sag 

Black hsat8 fast 

Narrow forming 

window 
Excessive 
Plug mark-off 
Can b& sticky 
Whiskers during 

trimming 
Sags at high temp 

Clean trim difficult 
Expenaive 

Must be heated vexy 

carefully 
Sags, loees orientation 

Easily torn 

Narrow forming 

window 
Stiff at forming temp 

Low elongation at high 

temp 
MattG surface 
Very stiff at farming 

temp 
Shallow draw best 
Plug aseiet 

questionable 
Stiff at forming temp 
Moisture sensitive 
Trim very difficult 
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Vol. 8 

Tables. (ConllnuGd) 



Polymer 



Amorphoua poly(ethylene 
teraphtbalate) (TO) 



C^stallizable 
poly(Qthylene 
terephthalate) (TG) 



Glycol-modified 
poly<ethylenq 
t^rephthnlflte) (HG, TO) 



Cellulosics (TG) 



Thermoplaetic elastomer 
(TG) 
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Processings 
temperature 
range, *C 



Advanta^ 



Disadvantage 



125-165 Tbugfa. thin-gauge Sags, necks 



Orients, toughen^ 
Transparent 



X85-200 High temp app] 



160-130 Good toTighnees 



Gtood colors 



Crystallizes rapidly 
DifScult cold trim 
Trim must be 

recrystallized 
Mold temp control 



Very stiff when hot 
Crystallinity control 

difficult 
Btittle when too 

crystalline 
Somewhat costly 



litnited sourcxng 



Good forming window Can yellow at high 

temp 



140-165 



Excellent clarity 
Great tovghness 



185-180 IhrawB well 



Not good outdoor matl 
Expensive 
Lost market to PVC, 
PET 

Good forming window SomewKat moisture 

sensitiTe 
Limited availability 
Spring-back 

High rubber difficult 

May tear at hi^fh temp 
Grain wash at high 
temp 



Many versions to 

choose 
Automotive darling 



"Key: HG = m^or heaTy-gemge; TG = mAjor thin-gauge; hg = mmor heavy^gauge; tg = minor thin- 
Gauge; no aotatioo^ not noirnally used. 



niado of cafbon steel. Gaskets in pressure boieg are usually made of neoprene or 
silicone* 

Thefmoforming is one of the major processes used to produce prototype parts 
that m^y be made other ways, such as iijection molding. Many materials are 
used to produce molds that are serviceable for a few to a few hundred parts. 
Traditional mold materials include wood, plywood, hard plaster such as Hydrocal 
(US Oypsum), and medium density fiberboard. Sprayed and cast white metal are 
used on occasion. 
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Recently, prototype molds are being fabiicated from particle-filled 
polyurethane and epoxy ^tactic foams using cpimputer-aided multiaxia routers, 
^ugg, used to mechanically prestretdi polymor sheet, are also usually machined 
from syntactic foams. For certain polymers, heated aluminum plugs or solid nylon 
plugs are desired. 



Part Design 

In general thexmoforming may be described as a differential stretching process. 
The sheet free of the surface continues to thin as it is drawn against the mold 
surface. As a ^esult^ the thickest portion of the part is where IJbe sheet touches the 
mold first and the thinnest is where the sheet touches the mold last. Frestretching 
techniques move sheet from the thicker areas to the thinner oi^es but in general 
^ermofpiTned parts have nonuniform waU thicknesses. Female parts tend to have 
thicker rims and thinner two- and three-dimensional comers. Male parts tend to 
have thicker two- and three-dimensional corners and bottoms and thinner rims 
Multicompartment parts with both male and female sections, sometimes called 
androgynous parts, require careful mold design and proper sizing of plugs to min- 
imize very thin sidewalls and internal webbing and to provide adequate internal 
draft angles. 

Recently, computer-aided design programs have been devised that allow pre- 
diction of part waU iJuckneas (37,39), These programs use finite element analysis, 
with the sheet being characterized as a two-dimensional mesh of nodes forcoing 
triangular elements. Although the earliest programs used Mooney-Rivlin consti- 
^tive equations of state to describe purely elastic polymer response to the applied 
differential load, Current programs use the doubly infinite semiempirical Ogden 
model, with the series truncated at two or four elements. The K-BKZ constitutive 
model is used to describe viscoelastic behavior (39). Ap example of a computer^ 
generated thickness profile is given as Figure 20. 

Computer-aided wall thickness prediction is compromised by measured vari- 
ation in actual part wall thickness due to the practical intrinsic variation in pro- 
cessing parameters, as seen in Figure 21 for thin gauge parts and Figure 22 for 
heavy-gauge parts (40). 

Distortion-printed products have been used since World War 11 (41). Until 
recently, the standard technique involved thermoformiiig a polymer sheet to the 
desired shape, painting the desired design on the shape, and then reheating the 
shape to a flat sheet. This has been largely replaced with finite element computer 
programs that carry out the entire process electronically. 

Most amorphous polymers linearly shrink about 0.4-0,6%. Ciy^talline poly- 
mers such as high density polyethylene and polypropylene linearly shrink about 
2.0% (42). Thermoformed parts shrink away from female molds and onto male 
molds, Male molds must have typical draft angles of 2-5», but sufficient]^ great 
enough to allow release of the formed parts. Femal© molds need minimal, if any 
draft angles. ' 

Many thermoformed parts contain undercuts. Detents and interlocking lugs 
are firequently used in thin-gaug© packages with integral lids. Undercuts in 
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29 37 47 56 65 75 94 



93 42 S2 61 70 79 89 



Mold grid 



Inslcfa thickness 





iS^rl^rni^"^— TJ*^^ thickness for drawdown into negative mold 

Waj. Ueed vnth petmiBsion of Institui: JPur Knnetgtoffeverarbeitun^, Aachen. Gonnany. 

heavy-gauge parts are achieved with swin^-away sertionfl that are either man- 
uaUy or pneiunatically activated (43). 

Holes are machined into heavy-gauge parts in the post-fonrdng, trimming 
operafeon. Hqles are punched into thin-gauge parts just prior to cutting the parts 
from their web. ^ 
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Vol.8 



2000 - 



3 

^ 1000 
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■ts 



20 25 30 35 
Thickness, 0.001 cm 
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45 



Newer Technologies 

TWsheet theiraofonning is more than a century old. Recent interest In return- 

rddndled this beavy-gauffe technology. The competition 
r ^ 5^^*^ "^J*"- technologies for producing hS 

T?h^t»?f ^^v!!?'^ Bhippmg pallets, baekboarda. tabletgps, and door pan 
Si" S„ f ^ ^ '^'J^^ twin-sheet parts is the integrity of the se^ area bet^e^ 
£ ^ieT. / tf" '^r*f ■ particularly Important in sequential foS 

Z^rSr^ai^ ft^ S'^'i^^^'*^.'*'''"? ^''•i half while the .econd 

sneet « being formed. High density polyethylene is the preferred polvmer since 
xt remains tad^y throughout thia inter^. Rigid PVC Jnd ABS been 
l^tuT. "^^""^ the%arliest twinS^T^ were 

consiata of a ng,d outer polymer such as polyslyre^e, fol Wd by ml adheL^ W 

a h^™"" ^« ^t'^'^-^ alcohol, another adheaiveKSd 

mSv^ £^ polymer such as polyethylene or polypropylene. iUthou^h 

^^ti^l ^ relatively easy to thennoform, lie growth in tte 

market haa be«n Imiited by the difficulty in reproceasine the trim. 
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Measuring location 




10 



IS 20 

* 

No.of,paris 



25 



30 



advanced application, where the packages must act as both rigid conSers and 
^<>'^^.^^^'^^b^^rne<i^^mc^. th^. and phase «epaStion me^S^ usej 

tS^J'"^ P't"^ ^"""T ^ "^^J^ at higher temj^a^^e^on 

«^k-Burfaced molda^ Even when foamed, polylactic acid Ld pol75tarchderiva^ 

^^f"'^:'^^ tot" compostable or degradable co^S^a 
tieavy-gauge thenuoforming owes much of ita cowtinuing success aealnat 

from Z t «f «P*««°" <=°^P«ter numeScalSTonSd rouSa 

from the woodworking industry (16). Conipute>controlled routing has inS 

lines reproducible slotting, and accurate hoM^lSJ 
l^shfly fiUed polymers have been thermoformed for decades 

^2p^f e^^^oJ B^r^^K V*"'' ^•^"•^^ « thennofoxmed all-co«posit^ 
l^frZ for BMy^ (Jacob Composite GmbH, Dresden, Germany. 2002) 

^lo^^^L !f ''^^«»;^^^P"f (45). Currently, glas^reinforced polypropXe and 
Sh^l • ^l^^"^^ polymeric materials. This work is being sp^d by neter 
teohnologies m heating and bending the less-extensible sheet ^ oynewer 
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TRANSmONS AND RELAXATIONS. See ViscoELAsncnr. 

TRIBOLOGICAL PROPERTIES OF POLYMERS. 

See Abrasion and Weak. 
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